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When thds project, on the effact of amino acids on the healing of experi=-
mental wounds, was first undertaken, the reports published on the subject of the
healing of wounds were found to be exceptionally extensivec. However, there were
very few papers which approached the subject from the experimental point of view,
most of them dealing with clinical material. Since many factors may affect the
healing of wounds, only the results of work in vhich every factor is closely con-

trolled, or at least equated by the use of rigorously matched groups of experi-

_mental animals, could be considercd valide A further difficulty inherent in this

problem was the fact that the methods for measwring the rate of healing of wounds
were not overly reliable and hence required that very large numbers of animals be
used in order to obtain statistically wvalid results.

Of the work published on the healing of wounds, three min facts stood
out and could be considered reliable in that they had been verified by many workers
in the fields First, a negative nitrogen balance becomes evident after trauma;
second, feeding a high protein diet results in an increcased rate of healing; third,
increased amounts of the amino acid, methionine in the diet results in an increased
rate of healing, It should be noted that contributions to the metabolic picture
during the healing of wounds were quite scanty. Before a real understanding of
the processes involved in the healing of wounds could bec developed, further know-
ledge of the metabolic reactions appsaring after trauma would be required.

With this background, the work in my laboratory was undertaken. The first
problem was to test the technique for measuring the rate of healing. It was
found that modifications of my previously published method (Sciences 1947t _.‘1_.9_2,
396) would give results which were statistically valid when groups of at least
eight animals were employed. Using this technique, which involved the determina-
tion of tensile strength of wound tissue, the affect of a number of amino acids on
the rate of hecaling was determined, under a nurber of different conditions. It
was found that only methionine and cystine caused an increased rate of healing of

the experirental wounds, while ethionine inhibited the rate of liealinge The other
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amino acids tested had no effact.

From these experiments it was concluded that the availability of the suliur
amino acids limited the healing process. Furtiher experiments showed that a high
protein diet increased the rate of healing, not because more protein or nitrogen
was avallable, but because a high protein diet provided a greater supply of the
sulfur amino acids. During the course of these experiments, it was noted that
there was a retention of sulfur, even though a negative nitrogen balance existed.
It was then conoluded that the tissue proteins were broken down in order to make
more sulfur amino acid molecules avallable for the healing processes. The other,
unneeded ariino acids are excreted, resulting in the negative nitrogen balance.

The source of the conserved sulfur amino acids and the opurpuse for which
they ars cosneived was studied using radioactive-sulfur labeled amino acids. It
was found that methionine from the liver proteins was one of the principal tissue
source of the sulfur amino acids for the wound proteins. To sone extent, the.
muscle proteins contributed to this requirement for the sulfur amino acidse. It
was also noted that a large part of thc liver rethionine was transformed into cy-
stine for deposition in the regencrating wound protein. These experiments also
produced evidence to show that the ratc of metabolism of methionine and cystine
was increased aftor woundinge.

Of particular importance werec the results which indicated that the tensile
strength of the wound was closely corrclated with the deposition of cystine in the
regenerating wound proteins. The collagluous fibecrs in regenerated wound tissue
give it a relatively high tensile strengthe This type of protein contains appre-
ciabls anounts of the sulfur anino acids. Thus fron the empirical and the theow~
retical view point, this correlation is sounds A new technique for determining
the rate of healing of wounds is now being developed, based on the decposition of
cystine in regenerating wound tissucs

The effect of various hormones on the healing of wounds was also studied.

It was cbscerved that cstradiol, testosterone and pitultary thyrotropic hormone }
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inhibited the rate of healing. At high levels of administration, growth hormone

also inhibitad healing, However, at lower levels, there appeared to be an increased

rate of healing. This aspect of the problem on the healing of wound is only pre-
liminary, It is planned to pursue this work further.

Almost all of the important data supporting the above conciusgions have been
published ov have been accepted for vublication and will appear in print shortly.
These publications are appended to this report. Included in the appendig are the
following paperss—

"Metabolism of protein nitrogen during the healing of erperimental wounds": Fed.

Proc., 10, 270 (1950)

"Relation of protein nutrition to the healing of experimental wounds"s: Proc.

Soce Exp. Biols Med., 77, 302 (1951)

"Effzct of cystine and methionine on the healing of experimental wounds": Proc.

Soce EJQ; Biol. Med., _8_0_) 623 (1952)

®*Inhibition of urea formation by pentobarbital®s Arch. Biocheme Biophys., 32,

226 (1951)

YDistribution of 1ne*hhioxr].r1e-83S during the healing of experimental wounds": Fed.
Proc., 12, 291 (1953)

"Utilieation of sulfur amino acids during the healing of experimental wounds's

Proc. Soce Exp. Biole Med., 83, 329 (1953)

®Influence of experimental wounds on the metabolism of sulfur"s Fed. Proc.,
13, 322 (195L)
"Influence of growth hormone on the healing of experimental wounds"s Fed. Proc.

13, 323 (195L)
*Incorporation of sulfur amino acids into the proteins of regenerating wound

tissue"t J, Biol. Chemes 1in press.

*Excretion of sulfur during the healing of experimental wounds's Proce Soc. Expe.

Biol, Medet 4n press.
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tants, T. He McCarthy, He Je Frormy E, Bremanis and G. J. Neumann, who worked so
arduously to help obtain the resulte which have been described, Without their

devoted efforts this project could not have progressed as far as it hase
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Oopyright, 1981, by th2 Boclety tor Experimental Biology and Medicine,
Roprinted frown Procerrivag oF Toz SOCIETY FOR EXPEMMENTAL BioloGY AND MepioiNe,
1951, v77, 302.305

Relation of Protein Nutrition to tlhe Healing of Experimental Wounds.®
(18759)

MantiN B. WiLL1aMsoN, Trosas H. McCarTiy, axp HerserT J. FrovwMm.

From the Deparsmaw of Biockewmisiry, Graduate Schoc! and Stritck School of Medicine,
Loyola University, Chirago.

A number of reports have indicated that
the level af protein intake has a marked cffect
on the rate of healing of wounds(1-8). There
is, however, little work relzting protein me-
tabolism or the effe:t of amino acids tc the
healing of woundsi4-6,9,10). 1t bas been
shown that methionine will increase the rate
of healing of experimental wounds{4), where-

* This work was done under contract with the
U. S. Navy, Ofhce of Naval Research.

1. Charaey, J., Willlam<on, M. B, and Bernhard,
F. W., Saence, 1947, v10S, 396.

2. Harvey, S. C, and Howes, E. L, 4nn. Swrg.,
1630, vO1, 641.

3. Yarco. R. L, Serg. Gym. Obsias., 1947, v84, 611.

4. Localio, S. A, Morgan, M. E.. and Hinton, J. W,
Sury. Gys..Dbst:d., 19048, v36, 582.

£ CoTul, Wrizht, A. M., Mulholland, I, Barcham,
1. and Breed, E. S., Ann. Swrp., 1944, v110, RIS,

o. Thompson, W. D, Ravdim, 1. S, and Frank
1. L. dreck. Surg., 1938, v36, 500

7. Munro, H, N, and Chalmers. M. 1., Bruz. /.
Evp Pabk., 1945, v26, 396.

8. Croft, P. B, and Pcters. R. A, Vature, 1945,
vi1ss, 178,

9. Madden. S. C, and Clay. W. A, 1. Exp. Med,
1045, v82, 65.

10. Morris, H. B, Dubnick, C. S, and Dunn, T. B,
1. Nat. Cancer Inst,, 1048, v5, 271,

as tryptophane, valine and lysine have no
significant effect on the rate of healing(10).
Since greater nitrogen retention will, occur
when extra methionine is fed(11.12), it seems
probable that the methionine, rather than
other essential amino acids, is the limiting
factor in the hesling process. In fact, injured
dogs will retain methionine sulfur and incor-
porate it into protein, even when a negative
nitrogen balance exists(13). Beyond the fact
that a negative nitrogen balance appears
shortly after wounding(14,15), little seems to
be known about prolein metabolist during the
healing of wounds,

Further study may help elucidate the role
of protein metAbolism in the bealing process.
The present paper attempts to relate nitrogen
and sulfur mctabolism t¢ the rate of healing
of experimental wounds.

11. Miller, L. L., J. Biold. Chem ., 1944, v152, 608.

12. Brush, M, Willman, W., and Swuaasun, P. P,
J. Nutr., 1947, vA2. 329, Allison, J. B., Anderson,
J. A, and Scelexv, R. b, J. Vuir, 1947, v33, 30l

13. Madden, S. ¢, Plosma Proteins, 1950, C. C.
Thomas, Springiield, p62.-

13 Werner, 8. C, 4nx, Surg., 1047, v126, 169,

15. Koop, C. E. Drew, J H, Riegel, C., and
Rhouds, J E., dnn. Surg., 1946, v124, 1165.
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P'rROTFIN NU'TRITION DURING Wounn [lsaLING

TABLE . Corampesiim of nets?

“e supyeh
menti
CGioup % % wiethio. gN 1o
P asein golatin e dic
1 20 1] 1 0
I t N [ Ryt
111 6 113 0 200

v 6 1.3

147 Pk

* Snerose content of diets was ndjuated so that
adl dicts provided same nuwber of calories,100 g
dict.

Experimental. In these experiments, four
groups of 24 female albino rats were used.
The initial average weight of the animals in
each group ranged from 170 to 136 g. The
animals in Group I were fed the following
basal diet: sucrose, 63 g. casein, 20 g; lard,
10 g; corn oil, 2 g salt mixture.t 5 g; thia-
mine HCl, 1 mg; riboflavin, 1 mg; pyridoxine
HCI, 1 nyg; calcium pantothenate, 4 mg: nico-
tinic acid amide, 15 mg: inosital, 5 mg:
2-m:thyl naphthoquinone, 0.5 mg: choline
chloride, 25 mg: vitamin A;: 1500 IU: vita-
min D.: 210 JU. The other groups of animals
were fed diets, modified from the basal, a-
indicated in Table I. AR <he diets were {o-
caloric and contained the same amount of vita-
min supplement as in the basal diet. FEach
animal was presented with 15 g of diet per
day. The residual uneaten foud was weighed
to determine the daily food consumption. All
animals were given disti!led water, ad lhitusn.
The animals were first accuctomed to the
synthetic diets for 4 days Then thev were
wounded under nembutal and ether anesthesia.
After clipping the hair uver the area of the
shoulder blades, a skin incivion, 2 «n in
length. was made with a shurp scalpel in the
mid-dorsal region. The edges of the wound
were opposed and held in place with Michel
wound-clips (11 mm), which were left in
place during the experiment. At approxi-
mately weekly intervals, 8 rats from each
group were killed and the tensile strength of
a 0.5 cm section of the healing wound was
determined. ‘The method of measuring the

v Hubbel, R. B. Mendel, L. B. and Wakemun,
J ). 7. Nawtr, 1937, via, 237
! From Oleum percomorphum

tensile strength of such wounds has beep
previously described(1).

The rats were weighed and 24-hour urine
samples were collected recularly during the
course of the experiment.  The arine samples
were stored under tolurne at 3°C until the
analyses were made. The urine was analyzed
for tofal nitrogen (microkjeldahl), urea nitro-
zen(16), amino acid nitrogen(17), and total
-sulfur(18).

Results end discussion, Previous papers
have indicated that a negative nitrogen bal-
ance appears directly after animals have been
subjected to truuma(9,13-15). A sharp de-
crease in the amount of nitrogen retained,
shortly after the animals were wounded, was
obgerved in these experiments, although nut
all the animals went into negative nitrogen
balance. The sulfur balance remained posi-
tive and essentially &onstant throughout the
experiment. regardless of the changes in the
nitrogen balance. By the tenth day after
wounding. the daily nitrogen retention had
returned to approximately the level observed
before the wound was made. This is illus-
trated in Tahle 1i.

A marked decrease in urinary urea output
(from 109 mg per day to 81 mg per dayv)
with a concomitast inciease in the amino acid
nitrogen output (from 6.1 myg per day to 26.6
mg per day) was observed shortly after the

TABLE II. Nitrogen and Bulfur Retengdon

Defore and \fter Wounding B
o Ly
. F&
€5y §7 %
Z;% - nie
- X a = 3 ] )4
& ¥33 5 £E 8
g ~Zk [ 22 =
o) N,mg Rmg N,mg N.mg S, mg
I e 11.3 14 85 101
17 [ R -11 > o8
111 84 v 14 39 6.6

v 5% 9.8 15 111 42 13.4

¢ Unmputead frow analyses obtained from 34 am
mals per grouj.

t Gompated from xnalyses abtained from 16 uni
ninle per group.

[ S S S

16. Van Siyke, . D. and Cullen, G. E., 2. Biol
Chem., 1610, v23, 117,

17 Northrup, J. H, J. Gen, Phyvsicd, 1926, v0, 767,

18. Fishe. (C J.. J. Biel. Chem, 1921, v47, S0
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wounds were maded  The urea nitrogen and
amino acid nitrogen returned to approxi-
mately the normal, prewounding levels within
5 davs.  This wvifect was found to be due to
the anesthetic used and not to the wound.

In Fig. 1 is shown the rate of healing of the
exporimental wounds in terne of tensile
strength and time.  This can be expressed as,
T ... K t. where 7 is the_tensile strength in
grams pet © > cm section nf‘h(-aling epithelium,
t. the time in davs after wounding. and K,
the resulting slope. ‘The slope, K. can be
considered to be a measure of the rate of

healing of the wounds. It will be seen that the

rate of healing of the wounds in the animals
fed the 6 percent casein diet (Group 11
K - 10.3) 1s markedly less than that of the
an’rnals on the 20¢- cusein diet (Group T,
K -z 16f,;. Thix is in acreemem with pre-
vieus work which has indicated that wounds
in animals on a high protein diet heal more
rapidiy thin those in animals on a low proteir
diet(1-4,. From ahis, it would be expected
that the rate of healing of the wounds in
arimals in Group 1 chould he the same as
those in Group 1. since the protein nitrogen
intake in both groups was the same. Tnstead.
the slope (K == 12.6) indicates that the rate
of healing is very much less than that found
in Group 1. This difference in healing rate
is wbviously due to the very low biological
value of the gelatin, supplemented to the diet
of the animals in Group 111 to make it con-

& Digt: -epresent avefage uripary output of all
amimals 1n thesr erperiments

tain the same amount oi protein nitrogen as
i« found in the diet of Group 1.

Although the proteins ingesied, and ihe
protein nitrogen intake, is essentially the same

in the animals comprising Groups 1IT and .

IV. the rate of healing of Group IV (K =
18.3) is very much greater than that for the
animals in Group I1I.  This differsnce must
be attributed to the methlonine added to the
diet of the rals in Group 1V. It ean then
be conctuded that the methionine increases the
efficiency of utilization of dietary pretein or
tissue protein, or both. Since the methivonine
fed is prohably available to the tissues for
protein synthesis as cysteine and cvstine, as
well as methionine(19,20), all the sources
of dietary sulfur might be considered together
as ‘‘protein sulfur.”

There appears to be no correlation between
the protein nitrogen intake. or retentiom, and
the tensile strength or rate of healing, when
ail 4 zroups of animals are considered. - The
data i Table I, however, indicate a cor-
relation between the amount of “protein
sulfur” refained during the course of the
experiment and the rate nf healing of the
wounds. 1t seems evident from these tesults
that previcus reports(1-8) on the effect of the
level of protein in the diet on the rate of
healing were indicative of the efiect of the
level of “protein sulfur” intake (and in-
directly. the sulfur retention). rather than the
efiect of the protein itself. This is apparent
from the fact that previvus reports dealt with
the cifect of diets containing levels of the same
protein: in which case, the sulfur content of
the diets varied directly with the amopnt of
protein in the diet.

The data in Tables IT and IIT tend to indi-

cate a larger proportion of sulfur to nitrogen

is reyuired duning healing than for normal
tissue synthesis. ¢ This is supporterd by the

following: (a) afier wounding, 2 pocitive suls .

fur balance is uvbserved even when there is
a negative nitrogen balance. This may meln
that there is a sacrifice of tissue proteln nitro-
g&en so that the ratio of sulfur to nitrouen

10, Rinkley, ¥, J. Binl. Chem., 1944. V155, 30

20. DuVigneaud, V. J, Kilmer, G. W.. Rachele,
I. R, and Cohn, M., J. Bi®l. Chem., 1944, v18§,
645, %

o
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ProyeIN NuUTRITiION DURING WOUND HEALING

TABLE II1. Comparigon of Avg Dnily Intake and Retention of Idetary Nitrogen and Sulfar
) and Rate of Healing.®

e Nt PO OR e — ——y ——8uMur—————— Rate of
Group Avyg daiiy Avg drily Avg daily Avg daily healing
# ictale, mg bulunce, mg intake, ng balance, mg indext
I 266 78 13.2 11.8 16.06
i s 10 3.6 2.6 105
It 269 47 8.2 6.4 12.4
v 251 2

* These values indicate dxdiy- ;vg for 21 days. afsor wounding,

t See Fig. 1.

available is increased; (b) increasing the
ratio of sulfur to nitrogen by dietary means
(by the use of methionine) increases the rate
of healing: (c) healing wound tissue con-
tains larger amounts of sulfur than the same
tissue when it has not been wounded(21,22).
Thus it seemis probable that the rate of
healing may be related to. among other fac-
tors, the amount c{ ‘‘protein sulfur” retained
in excess over that utilized to form normal
tissue protein with the retained nitrogen.
Since the ratio of nitrogen to sulfur in most
tissues is about 16:1, then the healing should
be influenced by the amount of retained
“protein sulfur,” less 1/16 the quantity of
retained nitrogen. This might be called the
“excess swfur’ which is avajlable for the

21, Lavton, L. L, Proc. 50 . ExP. Bion. Axv Meb,
1950. v73, 570.
22. Sxiven, B, Acta Chir. Scand., 1941, voo. 1.

23.1 14 18.8

greater demands of the healing wound tissue.
The “excess sulfur” is 136, 44, 75 and 214 mg
for the animals in Groups I to 1V, respec-
tively. Thus, there appears to be some cor-
relation between the rate of healing and the
“excess sulfur” available for the wound.
Summary. Wounded rats were kept on
diets containing varying amounts of different
proteins and “protein sulfur”. There appears
iv be no relation between the amount of pro-
tein nitrogen fed or retained by the rats and
the rate of healing. However, the *protein
sulfur’” retention appears to be correlated
with the rate of healing. It is suggested that
the amount of retained sulfur in excess over
that utilized for normal tissue protein syn-
thesis is an important factor in determining
the rate of healing of experimental wounds.

Received April 24, 1951, PSEBM, 1951, v7T.
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METABOLISM OF PROTEIN NITROGEN DURING

THE HEALING OF EXPERIMENTAL WOUNDS

M. B, Williamson, T. McCarthy and H. Fremm

It has been shown that wounds heal more rapidly when
a high protein diet is supplied than when a low protein diet
is given. When isocaloric diets containing 0.49% and 1.94%
protein nitrogen (as casein) were fed to groups of 2l rats,
the rate of heallng of experimental wounds, as measured by
increase in tensile strength(Science, ;gg: 396, 1947), 1is
greater in the animals fed the 1.,94% protein N diet than in
those on the 0.,4,9% protein N dlet. However, the increase in
tnesile strength per total nitrogen avallable for healing was
much greater on the low protein dlet, even when there was a
negative nitrogen balance, than on th»e high protein diet. This
seems to indicate that more of the rlasma and tissue protein
nitrogen s being utilized for protein synthesis in the wound
area on the low N diet than on the high N diet. Supplementing
the low protein diet with gelatine so that the nitrogen rontent
of the dilet was the same as that of the high protein diet had
little effect on the rate of nealing of the wounds, but
markedly increased the excretion of nitrogen. Supplementing
tho low protoin N diet with gelatin and methjionine so that it
contained as much nitrogen and methionine as the high protein

diet increased the rate Of healing, and decreased the nitrogen \



excretion to approximately the levcl founa in the rats fed the

high protein N diet. The rats or the low protein N diet re-
tainsd o higher percentage of thc diletery sulfur than did the

animals on any of the othsr diets.
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Distribution cf Mehtionine—s35 During
the Healing of Experimental Wounds

M. B, Williamson and H. J. Fromm

The rate of hesling of experimental wound has been show:.
to increass upon the addition of elither cystine or methionine t«
the diet. The effect of these sulfur amino acids on the re-
generation of wound tissue was studied by investigating the
distribution of methionine-835 between the methlonine and
cystine sulfur of wound tissue, normal skin, liver and muscle.
Rats fed either a zero protein diet, or a zero protein diet
supplemented with methionine (35 Cal/dsy), were injected with
methionine-s35 in tracer amounts within 48 hours after a
stancard wound was made. At 3 day intervels, part of each
group of rats was sacrficed and tlssue samples obtailned. The
total sulfur, nitrogen, cystine and methionine, as wsll as the
regenerating wound tissus was found to contain twice as much
335 as the normal unwounded skin tissue. Thne amount of total
835 in the regenerating tissue continued to increase with time.
There appearced to be a direct correlation between the rate of
increas¢ of 535 in the wound and the rate of healing. The
total 835 remained constant in the unwounded skin tissue, |
while that in the liver decreascd with time. Although tho
total S35 in the muscle decroased with time on a zero protein

diet, it remained c¢onstant when methionine was fed. In the
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wound tissuo, most cf the 835 activity was found associated with
with the cystine. The ratio of cystine te methionine sulfur was
higher in the wound tissue than in the normel unwounded tissue,
incidating that a c¢ifferent type cof protein was belng produced

during regeneration.
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133, vB3, 229-833

Utilization of Sulfur \mino Acids During Healing of Experimental

Wounds.®

(20350)

Martin B. Winniamsox aANp Bereert J. FROM M.

Frem the Department of Biochemictry., School of Medicine and Grsduate Scheol,
Lovola Unsiversity, Chicege. .

The regeneration of tissue during the heal-
ing of wounds has been shown to be markedly
accelerated by the addition of methionine to
the diet(1-7). Mwme recently, the rate of
healing of experimental waunds was shown to
be increased to the same extent when equiva-

* This work was done under contract with the
U. S, Nawvy. (ffice of Naval Research,

lent amounts of either cystine or methionine
were administered(t). Since the conversion
of methionine to cvstine is irreversihle in vive
(2.10). this work may be taken to indicate
that cystine is the limiting amino acid in the
healing process. The possibility still existed
that the sulfur amino acids may not be re-
quired por sc. but rather mighi serve as a
source of sutfur for other compounds required
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during healing, as well as their more nsual
function «n protein synthesis.

Tt has been shown also that there is a small
but definite retention of sulfur during heal-
ing. even when a negative nitrogen balance is
in evidence(1,2,8). Furthcr, the retention of
sulfur hecomes more significant as the rate of
healing increases.  Thus there apprars ta he
a correlation hetween the sulfur retention and
the Aealing index.  The heoling index is a
measurable numerical evaluation of a function
which is directly proportional to the rate of
healing(1.2).  The wmetabolic fate af sulfur
and sulfur containing amino acids during the
healing of experimental wounds should give
an insight into the disposition of the retained
sulfur. The utilization of the cystine by the
regenerating wound tissue and its reiation to
the {unction measured by the healing index
are considered in this report.

Pxperimentai. The experiments to be de-
scribed wers carried out on two groups of
female albino rats (18 animals per group),
weighing 170 = 20 g. The animals were main-
tained on a asal 09 protein diet for § days
prior to wounding. After wounding., one
group of rals was continued on the 0% pro-
tein diet supplemented with 69 mg of DL
alanine per 100 g of diet. while the second
group received the 0% protein diet supple-
mented with 100 mg of DL-methionme per
100 g of diet. ‘The vasai list cunsisted of 83
g sucrose, 10 g lard, 2 g corn vil. 5 g salt nix-
ture(15), 1 mg thiamine HCL 1 mg ribodavin,
1 mg pyridoxine HCL. 4 myg caicium panto-
therate, 10 mg nicotinic acid amide, 0.5 mg
2. nethyl-naphthoquinone. 1550 IU vit. At
an.: 210 1U vit. D.!' The animals were pro-
vided with 7 g of diet per day. which was
completely consumed Uefore the next daily
feeding period. Distilled water was permit-
ted ad libitum. After removing the hair. the
wounds were made on the hack of the neck
of the rats by tracing the outline of a coin (3
cm diameter), and cutting on the marked
tracing. The circle of skin was cut down to
the laver of the fescie and removedl with any
adhering connective tissue, according to the
metbod described by Paul ¢ al.(16). Two
days after wounding cach rat was injected

* From olrum percomospiium.

siibrutaneousty with 0.8% me of S Libwled
[.-merthionine. representing 2.4\ 1Y% counts
per minute. One-thitd of the animals i cach
group were sacrificed o the 3t sth and 2 2th
day after wounding,  Samples of regencrating
wornud tissue, normal onwousided <king hiver
and muscle were taken from euch rat and
hydrolvzed in 6 N HOT  Great care wac taken
to insure that no normal tissue was included
in the <ample with the regenerating wound
cissue.  Normal unwounded skin tissue was
cbtained from the area near the site of the
wound.  This tissue was completely freed of
hair hefore analysis. The above tissue sam-
ples were analyzed for total sulfur(11). totul
pitrogen  (microkjeldahl). and cysteine -~
cystine t(designated as cvstinc) (12 i3), The
relatively sina!! amounts of sample available
made it necessiry to caluulate the methionine
present it (- tizsues by difference.  Althouzh
the methionine-sulfur fractions prehablv in-
cluded sulfer from compounds other than
methionine. by far the largest part o tiwse
fractions of the suliur comes from the e
thicnine. Besides deiermining the tetal N4
in tne tissue samples sliquots were parinoned
into c¢ysteine — cyvstine and non-cysteine —-
cystine fraction by the method oi Zittle and
O'Dell(14), and the $3° determined in the
tractions.  Tie latter fraction was designated
as the methivnine-5%* fraction.

Results and discussion. In Table T is shown
the »* content of the various tissues which
were analyzed in terms of counts per minute
per gram of tissue. It sbould be noted that
there is a very marked mcrease in the S$%°
content of the regenerating wound tissue with
time. This increase reflects the accretion of

TABLE § et of Dietary Motluon:ne on Dis
sribution 1 Mothionine-S¥ 3 Wonnded Rats.

—-=--Counts, min./ g of tisee—1—.
Days ufter Vonnd
wonading tivue Nkin Liver Musele

0<% prelein diet

R T 83

5 Gl Wi TYSG 1660

N 20 Iwin 3151 1324

12 tuay 4200 LN
1o peoten dit + melhieniu

5 C Vi) . 1o 1252

K I 2 RIIRLY) 15

A 11563
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TABLE Il. Suifus 2nd Nitvogen Content/g of Wozznded Rat Tiamde.

== s
. - -g— - ———
Days after Wound tissie Skin Liver Musele
wounding & N .8 N - - N | N
T T T T T T T Tom protetu diet
3 19 202 2.0 39.9 T30 34.0 2.8 34.4
8 23 22,8 1.7 EUR. 2.5 31.3 Ly A 33.%
12 2.9 278 1.6 4.4 23 ~ 287 23 35.8
; 0¢% protefn diet + mathionine
8 200 . 234 21 |, 2 29 30.5 2.7 512
.8 2.8 203 . 16 2.1 . 2. 27.1 25 3.1
32 3.6 20.8 1.6 26.7 2.4 35.6

TABLE TIL. DMistribution of 8% from Methinmbne
between Cystine and Methionine Fractions &2 Tis-
" sue in \WWoanded Rsts.

) Counts/udn,/g tiseue
L e~—Wound tissue—— ~Bkin tisaae-——,
Days after Methio- Methio-
weumding  Cystine®  aine -~ Qystine®  nine
T 0% protemm diet
3 3534 2417 1465 910
8- 3381 32035 is%0 730
12 32 4026 11 ¢ 453
0% protein diet + methionine
3 3007 2037 1427 1877
] 597 3600 1048 122
12 6930 472 . 040 1003

* The teystine ' fraetion ineludes both cysteine
and «ystioe,

new cells and protein in the wound area. Due
to metabolic turnover. the $3¢ content of the
other tissues decreased with time. Although
some small part of the methionine-S3* may
have beer, directly utilized, there can be little
doubt that the bulk oi the wound tissue S%
arose from the degradation products of other
+ tissue protgins.
" *MThe total sulfur and nitrogen coiieni of
these tissues s tabulated in Table 11. The
general trend of the total sulfnr levels in the
© tlssues parallels tisat observed for the S5
‘However, the changes observéd are not as
marked as In the case of the radio-sulfur,
‘Tnis may account for the previous difficulty in
obtaining significant differences in the sulfur
cortent of wound tissues which had been beal.
ing for different lengths of time. Particular
note should be made of the fact ibat the sulfur
content of the regenerating woundl tissues is
very mrch higher than that fourd in the other
tissues analyzed, based on the nitrogen con-
tent of the tissues.

0.2 23

The only significant change in the nitrogen
contennt of the various tissues occurred in ‘the
case of the wound tissue, although the ‘siivall
decrcases observed in the liver may be re-
flecting the negative ditrogen balance which
existed in these animals. The relatively low
ttitrogen concentrations appearing in the heal-
lng wound tissae samples are consonant with
previous work which had shown that this type
of tissue has a very high water conient(16).
From the data in Table 11, the water content
of the wound tissue appears to diminish grad-
ually with the progression of the healing proc-
ess.
In Tahle III, the results of the partiticn of
the S3? into cystiwe and niccthionine-$™ frac-
tions is shown. It is of special importance to
note that so large a proportion of the injacted
methionine-S* is converted to cysteine- or
cystine-S%. In agreement with the data
shown in Table I, the sum of the two S
fractions increases with time. However. the
concentration of the cystine-S** is much
greater than is that of the methionine-S3%.
These r1osuits would appear to support the
previous report(1) showing that although
methionine is required during the healing
ptocess, there appears to be greater utiliza-
tion of cystine.

Table IV shows the results of the analysis
of the tissues for cystine and methionine. The
regenerating wouund tissues accumulate cys-
tine quite rapidiy while the ‘concentration of
methionine increases at a more leisurely rate.
In the liver snd muscle, there was a marked
decrease in the methionine concentration while
the cvstine remained essentially unchanged
throughout the experimazit. This might be
taken to indicate that the liver and muscle

i S ) i~
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o TABLE IV. Cystioe® and Methionine Content,/’g Tisaue ta Wounded Rate,

“ y
”, .-"" b e T ]
e : r == e e e ~
g Days after Weund tiseue &kin Liver Muscle
] wounding Cys Moth Cya Meth Crs Meoeth Cys Meth
ot € i 07 protoin diet -
(e ST ARG 4.0 3.0 5.2 4.2 7.9 4.1 73
.t 8 E 3.3 42 2.9 3.3 5.0 5.9 43 7.4
12 73 5.4 2.8 5.4 4.7 4.4 38 8.1
e 0% nrotein diet 4 sethionine
B 3 40 41 3. 4.9 4.5 8.0 4.1 8.3
. 8 8.7 4.7 2T 4.0 4.0 6.6 4.) 8.5
18 9.5 3.9 2.8 4.5 8.1 4.7 4.0 : €3

&3 'l\o""'.tyttirio—'.; fraction includes both eystcé;e and cystine, .

"

" meethitnine sulfur are the principal sources for
. '« . the wound tizssue sulfur. - It would alsc follow

that a largs portion of the metabolized liver
and muscle methionine is converted to cysteine
or eysting, which may be utilized by the re-
generating wound tissye. - This is supported
by the fact dist, in the animals fed the 0<%
‘protein diet, the ratio of cystime to methionine
-emereted was found to be approximately S:1.
<~ Priviousiy reported analyses, as well as

"~ those shown here, indicate that there is usually

appreciably more methionine found in most
tissues, than iicre 8 cystime. This, however,
is net the case in the regenerating wound
tisate, In the wound tissue. the concecntra-
tion of cywing bevomes facreasingly greater
‘than the level of metblonise dvring the course
of healing. This fact might be interpreted to
mean .that there are tvo types of proteins
being synthesized in the wound area. The
first type might be considered to be syntbe-
sized relatively slowly and to contain a higher
proportion of methionine than cystime. The
characteristics of this type of protein are prob-
sy simflar to skin proteins in general. The
..28sond type, although oot synthesized until at
least some of the first type of protein has al-

':.My been laid down in the wound area, is

symthesized incre rapidly and contains a
ther,proporﬁon of cystine than methionine.
Fractionation studies of the proteins in re-
generating wound tissue at various stages of

- " development, and in pormal skin tiasue, are

nowunder way to test this hypothesis.

~ ‘The tates of heallng of wourds in rats fed
a 0% protein diet and a 092 protein diet sup-
pleruented with methionine were determined

- as praviously described(1,2). The results are

.

showr in Fig. | to be essentially straight lines
of different siopes {Acaling imdices). When
the cystine per gram of wound tissue is plot-
ted against time, straight lines also result
(Fig. 1). These lines may he represented
by the following equations:
C = k)t —'r- a
o T = kit <-b
where C i3 the cystine concentration in the
wound tissues, T, the tensile strength, t, the
time in days after w. unding, and the other
symbols represent constants. It would ther
follow that: C = k3T 4 c. If this equation
is valid, a straight line should result from a
plot of tensile strength against the cystine con-
tent of the. wound tissue. That this is
actually the case is shown in Fig. 2. It may

_then be concluded that the rate of deposition

of cystine in the wound tissue is proportional
to the rate of increase in tensile strength of
the: wound (healing index). Since the rate
of healing is proportional to the Aealing index,
it can now be measured by two separate func-
tions, the tensile sirengch of the wourd, and
the cystine content of the wound area.

It might be assumed that the measurement
of the tensile strengy: of wound tissue, re-
quires, among other factors, the rupture of
bonds between relatively large molecules
which are not in solution, but are arranged in
some sort of colloid meshwork. ¥¢ would then
seem probable that the cystine in the wound
tissue is preponderantly, if not completely,
assoclated with. protein molecules,

Summary. Wounded rats, injected with
L-methionine-$%*, accumulate the radio-sulfur
in the wound tissue, even when the $* content
of the other tissues is decreasing. The largest
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1G. 1. Terile strength and eystoine - cystine eoncenirution of healing wounde ig rats on a

non-protein dict 7otted againet time. Solid eircles, dict supplemented with alanine; open circles,

diet suppicn.ented with methionine. Solid iince, tensile strength data; broken linos, eysteine +

cystine datsn, Significance between tie mouu values of tewsik strosgth is *‘p’’ 002, Rigni-
fisnnece between the mean values of tne ¢yasteine 4 oyvstine is “‘‘p’" <005,
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FIG. 2. Tensile atrength of healing wound in ruts

on & non-protein diet plotted against the cysteine

+ evatine eoncentration of the regenerating wound

tissue, Solid circles, diet supplemented with ala

nine; open cireles, diet supplomented with meth.
ionine.

part of the S3 in the wound tissue appears as
cystine-$3%, The rate of deposition of cystine
in the regenerating wound tissue is greater
than that of methionine. The rate of healing
(as measured by the Aealing index) is a func-
tion of the cystine content of the wound tissue.

1. Williamson, M. B.,, and Fromm, H. J, Proc.
Soc. Exr. BioL. AND Mzxp, 1952, v80. 623.

1. Williamsen, M. B., McCarthy, T. H, aod
Proours, H. J.. Proc. Soc. Ex». Bior. AN Mep,

1981, vi7, 302
3. ——e. Fed. Proc, 1051, v10, 270.
4. Cuthbertson, D. P, Proc. Nuir. Soc., 1946, v4,

188,

S. Localio, S. A, Morgan, M. E, and Hinton,
J. W, Surg. Gyn. Obst., 1048, v86. 582,

6. Peters, R. A, Brit, Med. Bull, 1045, v3, 81.

7. Croft, P. B, and Peters, R. A, Natwre, 1945,
vi§s, 178,

8. Williamscn, M. B, and Fromm, H. J., Fed. Proc,,
1953, v12, 291.

Q, Binklev, ¥, J. Biol. (kem., 1043, v15S, 39.

10. DuVigneaud, V., Kilmee, . W, Rachele,
J. R, and Cohn, M., J. Biol. Chem., 1044, V155,
643,

t1. Treon, J. B., and Crutchfieid, W E, Ind.
Eng. Chem., 1042, v14, 110,

12. Folin, 0., and Marenzi, A. D, J. Biol. Chem,
1929, v83, 108

13. Block, R. J.. and Bolling, D., The deterni-
natiom of emino acids, 1948, Burgess Pub. Co,,
Minveupolis.

14, Zittle, C. A, and O'Dell, R, A, J. Biol. Chem.,
1042, v139, 753,

18, Hubhel. R. B, Mendel, L. B, and Wakeman,

-3 J. Nuir, 1037, vi14, 237,

16. Paul, H. E, Pau!, M B, Taybor, J. D.. and
Magsters, R, W, Arck. Biochem,, 1745, v7. 231,

— - —ba s s e e s et e = ! b —m

Roceived Muy 13, 195:. PS.EBM, 1053, v&3



e

Copy sight. 1452, by the Socwety for Expn runeatal Biology snd Med®cine.
Beprinted from Itoc KEDINGS OF THF SOMIETY o EXPrrivkNral Biotooy aNp MepiciNg,
193y, vRU, 6§23 (2

PO 2 3 ]

{ Cyctine and Methionine on Healing of Expcrimental Wounds.

(19712)

Marriy B Wianniavsox Axn HerBert [ Froar,

From the Departmen? <F Biochemistry, Sciool of Siedicine and Graduate School, Loyela Unle ersity,
Chicago.

In previous repuri~t1.2), the mare rapid
rate of healing of experimentul waunds in
animals fed a high protein dier as compared
to those on a lower pratein diet was shuwu to
be due to the greater intake and retention of
protein sulfur. It was also shown that meth-
jonine could serve a~ the <ource of protein
sulfur. This explained ¢arlier work which had
indicated that methienine increased the rate
of healingi(3-57. Other essential amino acids
(6,7) were found to have no effect on the
Aruling index, a pumerical measure of a func-
tion which is proportional to the rate of
healing.

Methionine may have 2 possible roles, in-
volving its sulfur atom, which inight affect the
hcaling smdex.  First, it might be required di-
rectly 11 the healing pricesses for such re-
actions as protein synthesis. Secundly, meth-
ionine might serve as a precursor for some
other suliur-containing compound required
during healinz.  Although these alternatives
need not necessiarily be mutuallv exclusive. it
is not unre¢asonahle to presume that one func-
tion will Le nmwre imiportant than the other.

In the present paper, it is shown that the
hcaling index can be attected by cystine to the
same extent 2: by an equivalent amount of
methionine. on the basis of sulfur.

Experimentsl. The experiments to be de-
seribed were canied ont in a similar manner
to those previously reported(1.2). Tn each
experiment, 3 groups of 24 female albino rats
(200 - 20 g) were maintained on a basal diet
for 3 days prior to wounding. The basal diet

¢ This work was donce urder coniract with the
U S. Navy, Office of Nuval Rescarch,

consisted of 6 7 casein, 10 g lard, 2 g corn
oil, 5 g salt mixtwe(S), 77 g sucrose. 1500
LU vit. At 210 UL vit. DY 1 mg thiamine
HCL | mg riboflavin, 1 mg pyridoxine HCI,
15 g nicotinic acid amide, 4 mg calcium
pantothenate. 0.5 my  Z-methyl paphtho-
quinone, 5 mg inasitol, and 25 mg choline
chloride. ‘T'his diet would permit only a small
amount of protein accretion in normal un-
wnunded animals (4> measured by nitrogen
excretion anid increase tn body weight). On
the day of wounding. the animals were trans-
feired to the experimental diets. Al the ani-
mals were given the samne weighed amount of
diet daily, in quantities which wonld be com-
pletely consumed. Distilled water was per-
mitted ad libitum.

Standard experimental wounds were made
on the back oi the neck of the rats as pre-
viously described(1). At approximately
weekly intervals, 1/3 of the animals in each
group were sucriticed and the tensile strength
of a number of 0.5 cm sections of the bealing
waoiind were measured(1,9). The relationship
of tensile strength to time results in a curve
which may he considered io be essentially a
straight line. This line can be represented by
the equation T == kt 4- C, where T is the
tensile strength in grams, and t. the time in
days. C is a constant, The slope of this line
(K) is the keuling index, and may be com-
puted from the equation:

Tal—2 0y
where T is the tensile strength at time t,
and T is the tensile strength at time t». K

t From oleunr percomorphum.
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TABLE I. Effect uf Experimental Wounds on the Suifur wnd Nitrogen Balances,
Exp. I.
~— Nitrogeu -~ - Sulfur ——, %
T E o ” s - -y =
is : g : 2 =58 ZE Tt - 3
- awv  :E k2P .g¥ §¢ 2o g G §
3 T - ) i E=5  ux o i s =33
> . < 4 =pieE T meT g bl =g o e
- > T =l Vy wm 2 -4 - - < = St v
e L= < % PRI A ¥~ I = “E <« T e =x
i 4 Alaviie vl 45 4.5 st e 1.53 LuT an
It 6 Methioniney 210 24 8 221 . 1775 4.15 2.68 50
in [ Cystine 010 248 5] e & W 4.22 2,64 51

has the dimension uf a rate term which de
scribes a function of the rate of healing,

T'rine =awples were collected daily before
and after the time of wounding, The urine
was stored under toluene at 5°C until anaiyse<
were run. ‘The urine was :nalyzed for total
nitrogen (microkjeldahl) and sulfur(10,11).

Reswits and discussion.  The nilrogen and
sulfur sources of the diet fed the wonnded ani-
mals used in Yixp. 1 are described in Table 1.
The healing indices for these animals were
calculated from the tensile - strength data
plotted in Fig. 1. It cun be seen that. the rates
of healing in the animals receiving the meth-
ionine and cystine supplements (A = 50 and
51) are significantly greater than that of the
control group (K = 40). 1t should be noted
particularly that equivalent amounts of cys-
tine and methionine (on the basis of sulfur)
have the same cffect on the Aealine index. A
repetition of this cxperiment gave identical
results. .

A correlation between the sulfur retention
and the keadimg index was observed liere, as in
previously reported work(1,2). Tt would be
expected that the retention of sulfur should
be propurtional to the retention of nitrugen. in
a ratio similar to that found in the .nimal,
In the rat. the nitrogen:sulfur ratio is approxi-
mately 15:1. After wounding, there appeurs
to be a greater retention of sulfur than might
be expected from the amount of nitrogen
which is retained. This “excess sulfur” also
appears to be correlated with the Aealing
index. The data suppriting this correlation
are shown in Table 1,

Whether the results noted aboze werée due
to the direct activa of the cystine supplement,
or to the effect of the cystine in sparing the
methionine available from the casein in the

diet, remained to be determined. Therefore,
an experiment similar to the previous one was
carried out. except that the casein was omitted
from the diet {ed the wounded animals. The
control group of animals received a diet con-
taining no .sulfur amino acids and 44 mg of
amino acii! nitrogen per 100 g diet, in the
form of alanine. The cvstine and methionine
supplemented diets contained 100 mg of amino
acld sulfur and 44 mg of nitrogen per 100 g
of diet. The curves of tensile strength against
time obtained in 1his experiment are plotted
in Fig. 2. b

Hete aguin, the effect of cystime and’meth-
jonine ou the kcaling indcx canbe seen to be
essentially the same (K = 36 and 34) and
significantly greater than that found in the

-
’ 33

wm s Smeps
Flti, 1. Teusile streagth of healing woundy in rats
on a 185 eascin diet plottod aguisst sime. . Curve A
(Group ), alunine supplespent, Acaimg sndex (K}
<. 40; Curve B (Group II), wmetddonlne supple-
wmen:, (L) _39; Curye € (Group III), cystine
suppl went, [ X) == 31 The. significance Letween
nean values of tansile atrength for Groups 1 snd
I is 4 p*’ o
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FIG. 2. Teusilt strangth of Lealing womnds in rats

un a nonprotein At plotted againet time. Curve
A (Growp I3, alanine suppletuent, healing index

(R1 = 24 Curve B (Gronp JT), methimdne sup:
plomnut. Aoz 84 Cnne  (Group 101), eystine
supploment, K = 36, Bigaiticnuce Letwern mean

values of tensile utrnngﬂ; far Groups 1 vud 11 is

thptt <0 N
controls (K == 24). Since the conversion of
methionine to cystine is irreversible in vivo
{12,133}, it must be concluded that the meth-
swonine in the diet is first converted to cystine
befere it becomes available fur the hmh'w
processes. 1t then appears that cystine is the
limiting factor affecting the kevling idex, and
that methionine serves primarily as a source uof
cystihe sulfur. Of course, cystirg, as such,
may not be required by the healing wound.
It may be that cystine is itself merely a pre-
cursor of the sulfur containing substance utii-
ized -during healing. The correlations be-
tween the kealing indices, the sulfur bhalauces
and the “excess sulfur” walues for this ex-
periment are shown in Table I1.

Further work has indicated that methicaine.
per se, is requircd 1o some extent during
wound healing, over and above that which
may be converted to cystine. When rats were

fed a 5% casein diet, supplemented with 100
mg of ethionine sulfur and 100 my of either
cystine or methionine sulfur per 100 g diet, a
lower Acaling index was observed than in the
control animals, who received no sulfur amino
acid supplement. A comparison of the tensile
strength data for this experiment is shown in
Fiz. 3. These data may be interpreted to
mean that the ethionine is interfering with the
utitization  of bath  the the
metsiinnine,

Ethionine is known to block the conversion

HI\ll

5
cysting

- . of methionine to cvstine as well-as the incor-

poratiun of methioninre into protein{14 15)

The latter effect results in a decreased rate
of protcin synthesis. In CGroup Tl fmeth-
foninc supplement), the low Aeutn: index
may be considered to be due to the lack of
cystine resulting from the interference with
methionine conversion. However, in spite of
the refatively large amounts of cystine avail-
able to the animals in Group 111, a lew
keuling index was still ob-erved. Tn this case.
it ssems probable that the ethionine interfered
with tiwe utilization of metkionine for purposes
other than cystine formation, so that the cys-
tine requirement weas no longer the limiting
factor in the healing process.  Jt must thee be
concluded that methisnine is also required for
wound healing. It is not unlikely that the
methlunine requirement during wound healing
is needed primarily for protein synthesis,

. whereas, the cystine required may be used, to

some extent. for reactions other than protein
synthesis.

In the experiment where the diet fed to the
‘wounded rzts contained no protein, the meth-
jonine vequired for healing by the controt
animnals and-hy those receiving the cysiine
supplement must have originated in the tissue
protein. It would then be reasonable to think
that the methionine requirement must be

TABLE II. Effict of Experimenta) Wonada on Nitregen und Sulfur Balawees,

g g Exp. H.
=7 =
e NIt ORI e = ————Sulfur-— —-—u %
Croup Avgdaily vy daily re- Avg daily . Avgdailyre.  Avg‘texcexa  Healing
No. intake, mg tu ntwn, mg iatuke, mg  temtion, my sulfur.’’ myg fder
et et e m e < et e o e, P S
1 3.1 —-40 1 [ Y (l(‘; i 04
ir . 31 359 7 1 100 4
ur 3.1 1.04 1.33 36

-35.6 7
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FI1G. 2, Tensite strength of healing nonnds in rats
on a 86 casein diet plotted npwnet time. Curve N\

~(Group 11, alarine sepplewent, healing tndex (K )

= 31: Curve B (Gronp 1E.. ethionine und methio-

nine supplement, K = 21 Curve © (Group I,

othionine and castine supplement. K - 210 Nigniti

cutee between e values of tensile steength fur
Groups T and 11 is “‘p'’ = 0L,

relatively small us compared to the cystine
requirement.

Summary. The effect of methionine and
cvstine on the Acaling mdex of standard ex-
perimental wounds in rats was determined.
Since both amine acids have the same effect.
per equivalent oi sulfur, it is conciuded that
methionine is converted to cystine before he-
ing used in the healing process. When the
utflization of methionine is blocked by eth-
ionine, cystine is ineffective, indicating that

Wounp Hearing

some methionine, per se, is required for the
healing of wounds. There appears to be a
correlation between the Acaling index and the
retention of amino acid suliur in excess of
that expected on the basis o! nitrogen
retention.
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1064. Influence of experimental wounds on
metabolism of sulfur. Marnin B. WiLLiaM-
soN AND Hersert J. FRoux. Dept. of Bic-
chemsstry, School of Medicine, Lovola ('niv.,
CMhicago, iii.

It has been slown that sulfur metaboliam in
wounded animals iz altered from the normal.
This problem was studied by investigating the
nitrogen and sulfur balances in wounded and in
normal rats (200 £ 20 gm) fed a 0% protein diet,
supplemented with either eystine or msthionine.
At intervais aflter wounding, a number of the rats
were sacriliced, in order to determine the sulfur
amino ascid comient of the regenerating wound
tissue, as well aa various other tissues. It was
found that the wounded animals axcreted slightly
more sulfur, ut appreciably more nitrogen, than
the uuwounded rata. The suliate ion excretion in
the wounded rale was much greater than that
observed in the normal animals. This was couuter.
balanced by a lower oniput of non-sulfate sulfur.
These resulte may be taken to indicate an altera-
tion in the path of sulfur wetaboliam. The tissue
analyses showed that there was a gradual accretion
of hoth cystine and methionine in the regenerating
wound tissue. However, tbe rate of accretion of
cystine was very much greaser than that obscrved
for the mathionine, snd appeared to be propor-
tional to the rate of healing. This was observed in
all the wounded animals, regardless of the diet fed.
The cystine content of the other tissues remained
essentially unchanged throughout the experiment.
There was & marked decrease in the methionine
eontent of the liver, while that of the other timues
remained oonstant or deereased only slightly,
suggesting that the Hver is one of the primary
sources of methionine and eystins for the regen-
erating wound tissue.
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Inhibition of Urea Formation by Pentobearbital *

While investigating prrolaan metabelism Juiing the bealing of experunenta! wounda,
1t was observed thnt 4 inarked deerease in urea nitrogen and a sinmltan-ons incroase
mouneno aeid mitrogen in the sime appeared within 2 short Lune atter the wonads
were sade. At tirst, tus reaction was attribuled to the affeet of the wound on protein
metabolism, Howevir, furtlier study revealed that this offect aould be produced hy

TABLE

Effect of Pevicdarbital on the Excretion of 'rea and Artino Acid ¥

Average pnen %o P After pentobarlital,
12 24 hr

o I pentabartitlal '
of ; [ not o0 [T eb e SRR e o ey e =
AU . . : Amita ’ Amins
i lreatds ! sad N - VAN b LGN
ErOT R P A SO S T I T Sxe I refan i L D A . e, ais A
i : ng. : ng I my l .
3 | Casein, 20% , N2 50 07 WK
24 | Cosein, 6% T B T T U R T
24 Casein, 6% gelatin, 12% - 140 47§ 1 3.2
24 | Cuscin, 8%; gelatin, 12 | 102 . 56 | 82 245
i methionine, 0.04% ) i | i
6 | stock diet | 120 ‘ 256 , 8 | 559

the administeation of 15 mg./kg body wt. of pentobarbital, which had been used as
the anesthetic. This effect on the ures and amino acids excreted in the urine was
obtained in all animnals, regardlese of the level or quality of the protein intake, and
whether they had been wounded or not. In all cases, the urinary level of the urea and
amino ucid pitrogen returned to nernmal within 5 dayve after the sdministration of thie
pentobarbital.

The data sl:own in Table I were obtained from matur: female rats (160-190 g 1
which had been kept on the indicated diets for at least 4 days prior o the oollection
uf the unne mamplea for anaivem, The unne was coliveted for 21-hr periods and kepi
under tolusne wt 5°C. until the analyss were made. The urea content of the urine
was determined hy 5 urense methed (1), while the amino acid nitrogen was estimated
by a modified formol ttrationy 12).

The effect of the pentobarbital appears to be an inhibition of urea formation with a
cunsecuent incrense in amine acid exceretion. Thie cffact may be Jue to an interforence
with one or ore of the enzymes which deamicate amino seids, or whiel are iInvolved
in the couveraion of these amit groups te urea in the liver. Experiments to sundy the
efives af pentob.artatal on the enzyme »yvstems which are concerned witlooes forma-
tion are contemplated.

Ry FERENCES
1. Van Beyke, 1. D, anp Crrien, G, K, J. Biol. Chem. 24, 117 (1U16).
2. Norriror, J. H., J. Gen. PAysiol. 9, 767 (1020).

Degartment of Biochemnistry, Marmin B, WiLLiamson

The Graduate School and Stritch School of Medicine, Trouas . McCawrtuy

Lonola niversily, Chicago, Illinors Hersert J. FrOMM
Recetved March 80, 1931 s

! This investigation was carried out under n contract with the Office of Naval
Resoarch
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1563. Influence of growth Lozmone on healing
of experimenis! weunds. MarTin B. Wi
L1AMSON AND Gzonox J. Neumanw. lepd. of
Bivchemiatry, School of Medicine, Loyola Uniy.,
Chicago, 11l.

Biace the pituitary growth hormone has been
shown Lo caiish al increased retention of nitrogeo,
ita effect on the healing index (rave of healing an
meazurcd by eusuge in tenaile strength of stand.
ard wounds with time) was studied. Female rata
(200 & 20 gm) were fed a 6% casein diet | wk.
prior to wounding wnd thereafter to the end of the
experiment. The wounding procedure has been
previousty described (Proc. Soc. Exper. Biol. &
Med., 80: 623, 1952). At about weekly intervals,
34 of the rats were sacrificed and the tensile
strength of the wound determined. A sigrificantly
Jower healing index was obtained when 1.0 mg/day
of growth hormone was administered, than was
! und for the wouads in the control animals,
which had been injected with isotonic saline.
However, during the coures of the cxperiment
(20 ays), the control rats lost 16 gm in weight,
while those treated with growth hormone lost only
5 gm. When identies! experiments were carried
out using only 0.3 mg growth hormone/day, the
healing index of the control animals wus now lower
than that of the growth hormore-treated rata Tn
this case, the control rats lost 14 gru in weight,
while the hormone-treated rets lost 9 gin. These
results would seein to indieate that large amounts
of growth hormone mobilise protein metabolites
primarily for use hy the hody tissue to the detri-
ment of the healing wound tissue; smallar arounts
of grow iy normone parmit greater diversion tothe
regenerating wound tissue.



THE INCORPORATION OF SULFUR AMINO ACIDS INTO

THE PROTEINS OF REGRN ERATING WOUND TISSUE™

Martin B, Williamson and Herbert J. Fromm
Department of Biochemietry, School of Hedicine
and Oraduate School, Loyola University, Chicago.

Not only the administration of methionine, but that ¢f equivalent amounts of
cystine as well, has been shown to increase the rate of regeneration of wound tis-
sue (1=6). Since the conversion of oystine to methionine does not occur to any ap=-
preciable .extent in rats (7,8), it was considered that the deposition of protein in
regenerating would tissue is limited by the amount of cystine available for this
process. Although regenerating wound tissue contains a relatively high concentra-
tion of cystine and methionine, as comparcd to norm1l unwounded tissusc, the nitro-
gen content of both types of tissue are essentially the same (6, 9)« These analy-
ses indicate a fundamental differencc between the proteins of wound tissue and the
normal tissue which it is replacings The incorporation of the sulfur amino acids
in regenerating wound tissue, as well as the source of these amino acids will be
considered in this report.

In all of the experiments to be reporied, female albino rats weighing 200 &
grams were usede The animals werc maintained on a basal diet for five diys prior
to woundinge This basal diet consisted of 83 g. sucrose, 10 ge lard, 2 ge corn
oil, 5 ge salt mixturc (11), 1 mg. thiamine HC1l, 1 mg. riboflavin, 1 mg. pyridoxine
HCl, L mge calcium pantothenate, 5 mg. inositol, 5 mge. p=amino benzoic acid, 15 mg.
nicotinic acid amide, 25 mge choline chloride, 0.5 ng. 2-methyl naphthoquinone,
1500 IU vitamin A% and 210 IU vitamin D®, The animals were offered § g. of diet

per day, which was completely consumcd before the next daily feeding, so that the

* This work was done under contract with the U, S. Navy, Office of Naval Research.

*¥* From oleum perconorphun,
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dietary intake of all the suimals in each experiment was isocalorice Distilled wa-
ter was permitted ad libitug. After the acelimation period of fiwe days, the basal
diet was altered as will be indicated later.

On the sixth day, after the removal of the hair on the back of the neck and
shoulders, the outline of a coin (4 cme in diameter) was made with ink and the tis-
sue excised down to the fascia, according to the procedure described by Paul, et
ale (9)s At intervals after wounding, the rats were killed and samples of regen-
erating wound tissue, normal skin tissue, muscle and liver were obtained. Special
care was taken to insure that no normal tissuec or hair was included with the samples
of wound tissue,

The tissues collected werc weighed wet and hydrolyzed immediately in 20% HCl -
50% HCOOH for 2L hours, so that minimal destruction of the sulfur containing amino
acids resulted (10). Aliquots of the hydrolysate werc then analyzed for nitrogen
(microkjeldahl), cystine 4 cysteins (refcrred to as cystine) (12) and methionine
(13)e 1In the experiment in which tracer doscs of 835 1abeled DL-cystine were ad-
ministered, the total 535 activity wam determincd after oxidation of an aliquot of

the hydrolysate with a mixturc of HNC_, and HCth (14)s The resulting sulfatc was

3
precipitated as the barium sazlt and measured at "infinite thickness". The activity
was measured using a Tracerlab Autoscalar and tGeiger-Muller Tube having a window
thickness of lei mg per 6m2. The total 835 activity in thes~» samples were assumed
to be derived from EZ§EEEE?SBS'

When tracer doses of DL-methionine, labeled viith 835, wvere given, it was as-
suned that some part of the methionine had been converted to cystine before depo-
sition in the tissue proteins. The cystine was scparated from the methionine in
each sample by precipitation as the cuprous mercaptide (15)e The 835 activity in
these fractions was thcn determined as described aboves

Exhaustive trituration and extraction of the regecnem ting wound tissuc and vhe

tissue removed to form the wound, with O.1 N HCl, O.1 N NaOH or dilute salt solu-

tions gave rise to no sulfur contrining compounds which were not precipitable with
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trichloroacetic acids It was then ccncluded that the sulfur amino acids in these
tissues are bound in proteins and do not occur in the free form.

RESULTS AND DISCUSSION

The first experiment was undsirtaken to determine the equilibrium level of the
sulfur amino acids in the regenerated wound tissuese. A comparison was made with
noma 1 unwounded skin tissue. In Fige. 1 is shown the methionine, cystine and ni-
trogen content of wound tissue from rats fed the basal diet, altered to contain 6%
caseine At about the 23rd day after wounding, the methionine and cystine content
of the fegenerating tissue reaches a maximua and then levels off. These levels of
methionine and cystine are appreciably higher than is found in the normal skin tis-
suce Thus, in the¢ wound tissuc, at the mximal level, the met.hiohine content was
about 643 mg. and the cystine content about 842 mge per gram of wet tissues In the
normal tissue, there was found L6 mge and 3.0 mge per gram of wet tissue: for methi-
onine and cystinc, respectively. By the 20th day after wounding; the nitrogern con-
tent of the wound tissue was at its highest }evel (37.2 s 1.8 mg. per g.) as com=
parsd to the nitrogen contnct of normal tissue (LCeC = 241 nge per ge)e The roe
sults € tha analyses for nitrogen are in essential agreement with those reported
previously (9).

It is obvious that the newly synthesized proteins in the wound tissue are quite
difiercnt from those which are being recplaceds Further, at icast two distinct types
of protein are being synthesized in the wound tissue which are distinguishable by
their amino acid contente. During the carly stages, the main type of protein being
synthesized contains a larger proportion of mothionine than cystine. Later on,
proteins containing a higher percentage of cystine than methionine are produced in
the wound tissuc,

Upon reaching the maximal level, the sulfur amino acid content of the wound -
tissue appears to remmin constant. Even 31 days after wounding, there is no indi-
cation that the level of these amino acids will fall to that found in the normal
g<in tissue. It should be pointed out that; after 31 days, the difficulty ‘of vi-

sually distinguishing the regenerated from the nommal unwounded tissuc is so great
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that it is not feasible to carry the experiment further. The possibility exists,
of course, that at a later time, the sulfur amino acid content of the wound tissue
ey be altered.

The differences in the metabolism of the sulfur amino acids in wounded and nor-
mal animals were studied with the use of 535 lab¢ied DL-cystine and DL-methlonine.
The use of these compounds permits an insight into the alterations in protein me-
tabelism, protein turnover and mobilization caused by injury.

Two groups of 30 rats were fcd the basal diet supplemented with 1 ge of cystine
per kilo of dicte. The rats in one group werc wounded with the standard wound, and
at intervals of 7, 11 gnd 14 days after wourding, 1/3 of the animals in each group
were killed and the tissue analyzed. Five days after wounding, each rat was in-
Jjected intraperitoneally with a tracer dose of DL-cyeﬂ:ine-835 (1,01 x 106 counts
per minute)es In Table I is shown the data on the methionine, cystine and nitrogen
content of woumd, skin, musclc and liver tissuc from the wounded and normal ratse.

The results of the analyses for regenem ting wound tissue, in this table, fol-
low the pattern plotted in Fige 1. Although the cystine content of the skin, muscle
and liver tissue remains essentially constant, there is a marked and significant
decrease in the liver mcthionine of the wounded rats as compared with thet found in
the livers of the normal control ratse Undoubtedly there is a loss of cystine from
the livers of the wounded rats, as is indicated by the rcsults obtained in tle fol-
lowing part of the cxperimente However, thc loss of cystine from the liver is ev-

identaly balanced by replacement with cystinc from other sourses, such as synthesis

fron methionine or from the diet, giving a net level of cystine which appears to re-
mein unchenged. Similar effects were observed in wounded rats fed a protein free
diet supplemented with DL-methionines These results may be taken to mean that me-
*hionine from thc liver is one of the principal tissuc sources for the sulfur amino
acids of regenerating wound tissuc.

In Table II is shovm the activity of the cystine-s35 in the tissues studicd.

There appears to be a rapid uptak and loss of the label by the regenerating wound
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tissues Between the 7th and 1lbth day after wounding, there is a 70% decrease in the
srecific activity of the wound tissue samples. This effect may be due either to
the fact that them i# a rapid accretion of wound protein and wound cystine during
this tims (as shown in Fig. 1 and Table I), or to protein turnover in the wound tis-
sue, or bothe It seems likely that the accretion of cystine in the wound protein
has the greatest influence in causing this decrease in specific activity.

There appears to be a mrked loss of S35 activity in the other tissr:s as well,
Since the level of cystine in these tissues remains almost constant, this decrease
in activity must be attributed to protein turnover and label dilution by the dictary
cystines« The differcnces in the loss of 835 activity betwcen the iiver tissue of
the normal and wounded rats arc statististically significonte It would then follow
that wounding has the effcct of stimulating sulfur metabolism.

Another experiment was run on two similar groups of rats which were maintained
on the basal dict over the whole cxperimental period. These animals were given 5.90
x 105 counts per minute of DL~mwthionine-S3s, intraperitoncally. The other details
of the experimental procedure were generaily the same as in the mreviously described
experiment, except that the DL-methionine—S35 was given four days after wounding
and the animals were sacrificed on the 5th, Sth and 13th days after the ‘wound was
mdes The results of the analysis of the tissucs were found te be very similar to
trose recorded in Table I. The activity of the verious tissues was also determined
after fractionation of the S3S into methionine and cystine fractions. The 535 ac-
tivity of both fractions fram the samples of skin and muscle tissue in the wounded
and nommal rats showed parallel rates of decrease.

In Table TII is presented the data on the activity of the fraétions of 835
from liver and regenerating wound tissues It is to be expccted that initially the
methionine activity should bec higher than that associated with the cystine fraction
in all thc tisssues, since me.thioninc--S35 was administered. .There appears to be a
marked and rela tively rapid loss of activity in thc methionine fraction of the

wound tissue. On the other hand, thc cystine--S35 activity of the wound tissue
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remained almost eonstint throughout the experimental period, althougl. the specific
activity was decreasing. This may be explained by the fact that the cystine-s35
which is lost from the wound protein, due to protein turnover, is being approxi-
mately replaced by labzled cystine formed from the label in the methionine released
by cther tissues. This acquisition of S3S in the form of cystine could hardiy be
expected to keep up with the deposition of non-labeled cystine in the wound protein,
resulting in a constantly decreasing specific activity.

The uptake of methionine-S35 and its loss by the livers of the wounded rats in
this experiment was significantly greater than that which was taken up and lost by
the livers of the nommal animals, This further supports the contention that there
is an inersased rate of sulfur metabolism in wounded rats as compared to that foung
in the normal rats. This increased sulfur metabeclism in the wounded animals would
probably result in a greater loss and a greater redeposition of cystine-835 in the
liver than might be expected to be found in the livers of normal rats., The summa-
tion of these effects would be expected to give the appearance of a similar rate
of loss of cystine-s35 activity in the livers of both groups of animals

SUMMARY

During the early stage of wound tissuc regencration in rats, the methionine
content of wound proteins is greater than the cystine content. Later the content
of cystine becomes very much higher than that of methionine. This has been talen
to mean that two different types of proteins are synthesized by the regenerating
wound tissue. By the use of 535 1abeled methionine and cystine, it was shown that
sulfur metabolism is stimulated during wound tissuc regeneration and that the liver

methionine supplies a large part of the cystine required by the regenerating wound

tissue.

ok
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TABLZ

METHIONINE, CYSTINE AND NITROGEN CONTENT OF

TISSUES IN WOUNDED AND NORMAL RATS

Days WOUNDED NORMAL
After
Wounding Met Cys N Met Cys N
Me/g mg/g mg/g ng/g mg/g ng/g
Wound Tissue

7 3.8%0.5 2.880.3  19.0%0.9
1n Lato.s  cuadol  23.1%1.3
1L 5.580.3  7.3%0,5 28.2%1.)

Skin

7 Le3£0.2 2,901  L1.7¥1.9 L.7¥o.h  3.0%0.3  Ll.2¥.1
11 3.9%0,2 2,720 L1.381,2 Le630.li  2,7%0.3  L1.3H1.M
1 Le3%0.2  2.8%0.2  L1.9%1.1 LoLk®0ol  2.9%0.3  L0.9%2.6
. Musecle

7 649505  3.720.2  36.131.3 7¢3%0s7  349%0.3 3743147
11 6.620,3  3.7%0.3  36.4%1.0 6.620.5  3.9%0.5  35.7h1.L
1 6.3%.,5  3.7%.  38.3h.5 6.5%0.5  3.8%0.5  37.6H1.2

Liver

7 652046  Lo8E0.3  33.7%140 6e5%0.5i  LeSEOLL  33.6%0.8
11 5,180, L.%0.3 32.881.0 6053006  Lo7¥0.2  33.6%1.1
1k Le650e2  Le5%0e3  2848%1.3 6e1%0e5 L 720 32.7¥1.6

All values are in terms of mg. per gram of wet tissue,

Each value represents replicate determinations from the tissue of 10 animals.



TABLE II

83b ACTIVITY OF TISSUES IN WOUNDED AND

NORMAL RATS AFTER THE ATRIIMISTRA TION

By

OF CYSTINE-S35

Nays
After Wound Skin Huscle Liver
Wounding
v 475 £ 128 3715 % 135 150 % 75 7650 2 1385
11 1560 £ 80 2060 £ 95 1510 % 100 1695 ¥ 130
11 L350 & 80 1775 £ 85 1470 * 85 3hLs £ 75
7 2970 & 125 1970 £ 90 7805 & 115
11 2585 £ 100 1715 £ 65 5965 £ 120
U 1700 £ 110 1515 £ 50 1315 = 10

Calculated in counts/minute/gram of wet tissue and corrected for decay.

Each value represents duplicate determinmations of the tissue of 10 rats.



TABLE IIX

DISTRIBUTION AND SPECIFIC ACTIVITY OF lxlE'I‘!-IIOI\IINE-G35

AND CYSTINE-S3 IN WOUNDED AND NORMAL RATS

AFTER DI.--IJIE'I‘HIONINE-—S35 ADMINISTRATION

Days WOUND TISSUE LIVER
After .
Wounding  Activity” Spe Aote’™™ Activity® Sps Act.¥*
Me 1’.h:'Lonine--f:13 5
5 3630 £ 110 5430 5350 & 200 3.15
9 2heo £ 85 2,82 L3Lo £ 178 2.83
13 1375 & 60 1.35 3470 % 110 2462
5 : 150 £ 90 2.82
13 3940 & 85 2,57
Cystine-335
5 2630 £ 95 L.10 5000 £ 210 Loli6
9 2130 £ 110 24110 31Lo ¥ 160 2.76
13 2480 £ 75 1.83 2980 £ 190 2,61
5 5020 ®£ 175 L.lo
9 3060 & 150 2.85
13 3010 £ 110 2,84

*
Calculated in counts/minute/gram of wet tissue and corrested for decay.

Counts/Minute/Gram Tissue x 10'"3

*Spe Acte =
mg. Cystine or Methionine S/Gm Tissue
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EXCRETION OF SULFUR DURING THE HEALING

OF EXFERIMENTAL WouNDS¥

Martin Fe. Will:.amson and Herbert Je. Fromm®*

Department of Biochemistry, School of Medicine and
Graduate Schonl, Loyola University, Chicago

The sulfur amino acids, methionine and cystine, appear % be unique in their
ability to accelerate the rate of healing of experimental wounds to the same ex-
tent, when present in the diet in equivalent amounts (1,2,3). Earlier experi-
ments have shown that the healing of wounds is dependant on the availability of
the sulfur amino acids, rather than on the total protein nitrogen available in
the diet (L,5)s Since there is essentially no conversion of cystine to methio-
nine in the organism, it may be considered ithat cystine is the limiting amino
acid in the healing processe The role of methionine in the healing cof wounds
cannot be discounted, however. The methioninc of the tissues has been shown to
have at least two important functions in the regeneration of tissuc in wounds
(6); it is the primary source of cystine required for thc synthesis of wound pro-
teins; it is required per sec as an integral mrt of the wound protein.

Since the availability of the sulfur amino acids has such a marked effect on
the replacement of protein in rcgenerating wound tissue, it might be expected
that the nomal equilibria of the reactions involving thcese amino acids would be
dis turbed after wounding. This situation should be reflccted in an altered mee
taboliem of sulfur during wound tissuc regeneration. In this paper, the results
of a compariscn of the sulfur metabolism, n5 indicated by suifur excretion, in

normal and wounded rats will be described.

#This work was donc under contract with the U.S. Navy, Office of Naval Resecarch.

##Present address, Dept. of Biochamdstry, School of Medicine, University of
North Dakota, Grand Forks.
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EXPERIMENTAL. In the following experiments, female albino ravs weighing
200 & 20 g were usede The animals were maintained on a basal protein-free diet
for 5 days prior to wounding The basal diet consisted of 83 g sucrose, 10 g
lard, 2 g corﬁ 0il, and S g salt mixture (7). The basal diet alsc contained a
vitamin suppiement, whose constituents and proporwuions have been previously enum-
erated (2). The animals were offered § g of diet per day, which was completely
oconsumed before the next daily feeding pericd, so that the dietary intake of all
the animals was isocaloric. Distilled water was permitited ad libitum.

After 5 days, the hair on the back of the neck and shoulders was remo ed and
an area of skin L om in diameter, was incised down to the fascia. The tissue was
then removed with the uderlying fascis. Control rats were treated in a similar
manner except that no wounds were made. The rats were housed in metabolism cages
and urine samples ccliected every 2l hours after woundings. The samples of urine
were stored under toluene in a tightly stoppered bottle at 5° €. until the anal-
yses could be performed. The urine samples were amalyzed for nitrogen (microk-
jeldahl) and total sulfur (8,9). After hydrolysis of an aliquot of the urine for .
36 minutes in 6 § IC1 on a boiling water bath, the total sulfate was determined
as the barium salt (8).

In the experiment in which tracer doses of 835 labeled DI-methionine and
Dl~cystine were administered to the rats, the total 835 activity of the urine, as
well as the total sulfate activity, isolated as indicated above, was determined.
Tnhe 335 activity was measured using a Tracerlab Autoscalar and a Geiger-Muller
tube having a window thickness of 1.4 mg per cm@.

RESULTS AND DISCUSSION. Studies on the excretion of nitrogen and sulfur

were made in two groups of 30 rats kept on 2 basal protein-free diet. The ani-
mals in one group werc wounded, while thc second group of animals servcd as con-
trolse The excretion of nitrogen during the first two weeks after wounding is

shown in Fig. 1+ In accordance with the results of previously published experi-
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ments (5,10,11), the wounded rats were found to oxcrete considerably more nitiro-
gen than the control rats. 1In Fig. 2 is plotted the total sulfur excretion a-
gainst time after woundinge It can be seen that the wounded and control rats ex-
ereted aprroximately the same amount of sulfur. The data in these two graphs are
indicative of the fact that there is an actual retention of sulfur by the wounded
rats. It would be expected that the breakdown and metabolism of tissue protein
should result in a relatively constant ratic of nitrogen and sulfur excretion;
regardless of the amount of nitrogen excreted. However, in this experiment, the
ratio of nitrogen to sulfur excretaed by the wounded rats is greater than by the
controls, indicating a relative net rctention of sulfur by the wounded animals.

I"ige 3 shows the excretion of sulfate by the wounded and normal rats. The
wounded rats ;ppear to excrete about LOZ more sulfate than do the normal control
animals, Since sulfate is the end product of sulfur metaboliem, this mgy be taker
to mean that.the metabolism of the sulfur amino acids is increased in wounded
rats as compared to normal ones.

The overall metabolic path of the sulfur in the sulfur-containing amino acids
can be abbreviated into the following reactionsi:-

Methionine

— Cystine - Sulfate (1)

The importance of cystine during the regeneration of wound tissue led us to

study the conversions in the above equation. This was done by following the

excretion of 335 after the administration of 835 labeled methionine and cystine.
The experiment vias carried out on L groups of 15 rats, maintained on the

basal diets Two groups of rats werec woundéd as indicated before, Four aays

after wounding; one group of wounded and one group of unwounded control rats

were injected intraperitoneally with DL-methionine-835 (5.90 x 10° counts per

minute per rat). The other two groups received DLn-cystine-S35 (6.06 x 105 counts

per minute per rat) at the same time. The total S35 activity in the urine and

the 635 activity assoeiated with the sulfate in the urine was determired daily

thereafter,
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As might be expectad from the results in the previous experiment, the total
daily excretion of 35 was essentially the same for the wounded and controi ani-
mals, Howsver, the level of s35 excretion was higher in those rats receiving the
labeled cystine as compared o Uhioss rscciving the labaled methionine. This is
probably due to the fact that the met,h:i,onine-S35 can be utilized either as such
or as cyst,ine-S35 for protein synthesis and turnover; on the other hand, cystine-

3

is utilizable for incorporation into protein only in the unmetabolized state.
Thus, there are two forms in which the S3S from the methionine-SBS can be deposi-
ted and retained in the tissnes; while that from the cystine-635 has only one.
This would be expected to result in a greater retention of injected metchionine-
835 than cystineaSBS s and a concomitant grcater excretion of injected cystine-
835 than methionine-»SBs.

The data for the excretion of sulfate-S35 in this experiment is shown in
Table I. It can be secn that the wounded rats which received the methionine-
835 excreted more sulfate~-S35 than did the controlses This must mean that elther
or both of the series of reactions represcnted in equation (1) are accelerated
in the wounded rats. Data prescnted in znother report (22) indicates that the
rate of conversion of methionine to cystine is greater in wounded than in normal
rats, In the animals receiving the cys’t,ine--83S » it was again observed that the
wounided ones excreted more sulfate-635 than did the controls. This can only be
interpreted to mean that there is a higher rate of oxidation of cystire in the
wounded rats during thc regeneration of wound tissue. It may then bc concluded
that during the process of regencration of wound tissue, the metabolism of the
sulfur amino acids is stimulated.

SUMMARY. The effect of wounding on the metabolism of the sulfur amino
acids was studied by following the excrection of sulfur in normal and wounded

rats. After wounding, there is a relative retention of sulfur, even though a
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groater amount of nitrogen than normal is excretcd. Studies with 835 labeled

cystire and methionine indicated that thce metabolism of these amino acids is

greater in wounded than in normal animals,
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EXCRETION OF TABELED SULFATE BY WOUNDED AND

NORMAL RATS AFTER THE ADMINISTRATION OF

. [ad 4
DI~METHIONINE=S- AND DI~CYSTTNE-S->

~

Days METHIONINEX CYSTINE*
After
Wounding ‘Normal Wonnded Normal Wounded
5 L680 L8Lo 5300 5300
6 29,0 k9o 5110 5600
7 2710 1100 14600 7L50
8 2290 2500 3900 4500
9 1950 2750 2530 1550
10 1880 2670 2760 L4550
1 1785 2230 2630 4430

*
Counts per minute per 2l hour sample, corrected tor decay to the time of injec-

tion and for difference in dose of the methionine-SBS and cystci.ne-s35 » The

labeled amino acids were injected on the Lth day after woundinge
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f'g. 1. Tone sxcretior of nitrogen dy normal end wounded

s ima .

rets plotted in mg. r+: 4day against days after
w:unding. Sclid line = control rets; Broken line =
v~inded rats,
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